Pulsed low-dose-rate radiotherapy (PLDR) has been proven to be a valid method of reirradiation. Previous studies of recurrent cancer radiotherapy were mainly based on conventional 3D CRT and VMAT delivery techniques. There are difficulties in IMRT planning using existing commercial treatment planning systems (TPS) to meet the PLDR protocol. This work focuses on PLDR using ten-field IMRT and a commercial TPS for two specific sites: recurrent lung cancers and head and neck cancers. Our PLDR protocol requires that the maximum dose to the PTV be less than 0.4 Gy and the mean dose to be 0.2 Gy per field. We investigated various planning strategies to meet the PLDR requirements for 20 lung and head and neck patients. The PTV volume for lung cases ranged from 101.7 to 919.4 cm 3 and the maximum dose to the PTV ranged from 0.22 to 0.39 Gy. The PTV volume for head and neck cases ranged from 66.2 to 282.1 cm 3 and the maximum dose to the PTV ranged from 0.21 to 0.39 Gy. With special beam arrangements and dosimetry parameters, it is feasible to use a commercial TPS to generate quality PLDR IMRT plans for lung and head and neck reirradiation.
I. InTROducTIOn
For recurrent cancers, most patients have undergone prior gross total resection, chemotherapy, and/or concurrent radiotherapy. After the initial treatment, once the patient has tumor progression in the previous radiation treatment field, the possibility exists that the patient is unable to undergo a second resection and conventional chemotherapy may have no effect in prolonging survival. (1) Reirradiation may also cause severe damage to normal tissues near the target. It is a significant clinical challenge to improve median survival while minimizing the toxicity of treatment for recurrent cancers.
The dose-rate effect in radiotherapy has been investigated for many years. (2, 3) Pulsed lowdose-rate radiotherapy (PLDR) has been used in some institutions for treatment of recurrent cancer for several years. (4) (5) (6) (7) (8) (9) The idea behind the PLDR technique is to take the advantages of both the hyperradiosensitivity of tumor cells below their transition doses above which cell repair mechanisms may be initiated to introduce radiation resistance, and the increased normal tissue repair at low-dose rates. (4) The way to achieve this is to divide a daily radiotherapy treatment into a number of subfractions (pulses), with each subfractional dose less than the tumor transition dose but greater than the normal tissue transition dose, so that the radiation repair is triggered in normal tissues but not in tumor cells. The radiation pulses are delivered at certain intervals to achieve an effective (or time-averaged) low-dose rate to maximize the normal tissue repair process. The application of PLDR in glioma and breast cancer has been reported by some investigators. (6, 7) The existing PLDR technique using 3D conformal radiotherapy (3D CRT) divided the daily fractional 2 Gy dose into ten subfractions (pulses) with 3 min time intervals, creating a time-averaged dose rate of 0.067 Gy/min. (8) The dose rate of the accelerator was also reduced to 1 Gy/min. The cumulative dose delivered to the surrounding normal tissues may cause serious toxicities after reirradiation. Improved delivery methods may reduce the cumulative dose to organs at risk in PLDR.
It has been reported that it is possible to use one or two intensity-modulated arcs to deliver PLDR plans to achieve better target coverage and normal tissue sparing for treatment of complex tumors. (9) (10) (11) The PLDR treatment of recurrent cancers using dynamic arc therapy delivers 0.2 Gy to the target per arc with a 3 min interval. Rong et al. (10) demonstrated that with special machine parameters, a tomotherapy plan could be delivered within the 3 min time interval to meet the PLDR treatment requirement with a 3 min interval between fields. Tyagi et al. (11) showed that previously treated glioblastoma multiforme (GBM) cases could be replanned using volumetricmodulated arc therapy (VMAT) with a single 160° arc to deliver 0.2 Gy pulses on the new Elekta accelerator (Elekta AB, Stockholm, Sweden). Ma et al. (9) implemented the PLDR technique using the Varian RapidArc technique (Varian Medical Systems, Palo Alto, CA). They used two arcs to produce high-quality PLDR plans to further spare nearby critical structures, which could be delivered five times to achieve a daily dose of 2 Gy, resulting in a time-averaged dose rate of 0.067 Gy/min. However, for some hospitals in the United States and a large number of hospitals in developing countries, advanced dynamic arc therapy techniques such as the Varian RapidArc or Elekta VMAT are not available. Therefore, for complex recurrent cancers, IMRT may be the only choice to deliver PLDR treatment at these institutions.
A technical difficulty in PLDR treatment planning using advanced radiotherapy techniques is to ensure the delivery of a complex plan (i.e., the 0.2 Gy dose pulse) within the 3 min time interval because more complex plans may require more MLC segments, more monitor units, and longer delivery time. Ideally, the total beam-on time should be minimal so that there is sufficient time between the individual dose pulses to avoid the possibility of accumulation of individual pulses to exceed the tumor transition dose and to trigger the cell repair process. The "optimal" interval for PLDR is unknown, but for practical reasons a 3 min interval will result in a 30 min treatment time that is tolerable by most recurrent patients. For conventional RT with a 300-600 MU/min dose rate, the actual beam-on time to deliver 0.2 Gy is only a few seconds. For VMAT and RapidArc, a full arc will take > 1 min beam-on time with < 2 min left between the individual pulses. For tomotherapy, the beam-on time could be close to 3 min for large targets, and the dose delivery becomes almost continuous and the cumulative dose could exceed the transition dose after a few pulses. For our ten-field IMRT delivery, the beam-on time for a single field is typically < 1 min. However, it would be impossible to deliver a complex IMRT plan with multiple gantry angles (fields) within the 3 min interval. Therefore, it is necessary to deliver 1 field/arc per pulse for PLDR if the IMRT/VMAT delivery technique is used.
A simple solution for PLDR using IMRT is to design a plan with ten gantry angles (fields) with each field delivering 0.2 Gy in a 3 min interval. (12) Problems arise when optimizing the treatment plan using existing commercial treatment planning systems, which were designed to produce a conformal and uniform dose distribution to the target volume with all of the fields used (i.e., after the entire plan is delivered); the target dose distribution per field can be very heterogeneous due to beam attenuation (in the beam direction) and intensity modulation (in the directions perpendicular to the beam axis). This represents a unique problem for PLDR planning with multiple arc/fields because the maximum dose per pulse (arc/field), which is not a dose constraint in an existing commercial TPS, may exceed the tumor transition dose. The challenge is to generate IMRT plans using an existing TPS to meet the PLDR treatment criteria.
In this work, the application of the Varian Eclipse treatment planning system (Varian Medical Systems) was used for two complex treatment sites: lung and head and neck. To achieve the specific treatment planning objectives for PLDR, various planning methods were investigated including beam angle optimization, dose constraints, and reference structure design, as well as other auxiliary skills.
II. MATERIALS And METHOdS

A. Patient cases
In this study, ten lung cases and ten head & neck cases were investigated. The cases included cancers of the right or left lung, in or around the mediastinum, and in the tongue, oropharynx, or larynx. The PTV volume was delineated on CT images. Table 1 lists the PTV volumes for the ten lung cases and ten head and neck cases. The energy used for the treatment was 6 MV for both lung and head and neck sites. The total prescription dose for the lung site was 60 Gy, which was delivered in 30 fractions resulting in a daily 2 Gy fractional dose. The prescription dose for head & neck was 70 Gy delivered in 35 fractions and 2 Gy per fraction. The dose distributions were normalized to ensure that 95% of the target volume would receive 100% of the prescription dose. We also compared IMRT plans with 3D CRT plans for PLDR treatments to evaluate the applicability of the two techniques in complex PLDR planning.
B. Treatment planning
Most medical physicists and dosimetrists are familiar with conventional, 3D CRT, and IMRT treatment planning skills. However, the PLDR protocol also has additional requirements. For example, the maximum dose per pulse and the effective low dose rate for the entire treatment cannot be automatically optimized by the optimizers of existing commercial treatment planning systems. During the planning process, we have to manually optimize the beam angles and many other parameters in order to meet the PLDR plan acceptance criteria. Sometimes we need to contour additional reference structures and define objectives such as the constraint of maximum dose for PLDR optimization (see below and also the Discussion section for more details). These optimization techniques appear similar to those used for regular IMRT planning, but with different objectives.
In this work, the Varian Eclipse system (version 10.0) was used to generate all of the IMRT and 3D conformal plans for PLDR treatments, which includes a function that allows the user to compute the dose distributions of individual fields for a multifield IMRT plan. The AAA algorithm was used for dose calculation with the heterogeneity correction switched on. The sliding window method was used for the treatment delivery on Varian iX accelerators (Varian Medical Systems). We used 6 MV photon beams for all lung and head and neck treatment plans. For IMRT plans, ten gantry angles/fields were chosen based on the target and critical structure geometry to achieve the planning goals. The total dose per fraction was 2 Gy. The individual gantry angles/fields were delivered in 3 min time intervals, which resulted in an effective dose Note that the collimator angle and couch angle is 0° for all plans. C = central lung; L = left lung; R = right lung.
rate of 0.067 Gy/min. An important plan acceptance criterion for PLDR is that the maximum target dose for any particular gantry angle/field is less than 0.4 Gy, which was selected for our PLDR treatment planning protocol as a reasonable dose limit to avoid triggering cell repair mechanisms for those tumor cells that exhibit hyperradiosensitivity. (13) (14) (15) There was no real limit on the minimum dose in the target volume per gantry angle/field since there was no lower limit on the minimum target dose rate. However, as any "cold spots" in the target volume from a particular gantry angle/field would have to be compensated by "hot spots" from other gantry angles/fields, the target dose heterogeneity (the difference between the maximum dose and the minimum dose) should be kept as low as possible. For centrally located lung cases, ten gantry angles were arranged uniformly for most cases and the angles were separated by approximately 35°. Applying this angle arrangement, a conformal and uniform dose distribution could be easily obtained for most centrally located lung tumors and meet the dosimetric criteria of our PLDR protocol.
For peripheral lung cases, gantry angles were arranged in an arc by nearly the same angle intervals surrounding the target on one side. This arrangement of beam angles could achieve a conformal and uniform dose distribution to the target by each gantry angle simultaneously minimizing doses to the opposite normal lung.
If some areas inside the target contained hot spots of greater than 0.35 Gy from one gantry angle, an attempt was made to adjust the beam angle by a few degrees and/or draw reference structures, such as inner ring and outer ring of the target, to reduce dose heterogeneity in these areas. For some particular cases, the adjustment of several beam angles might be necessary to obtain an angle optimization where the maximum dose-to-target volume could be kept under 0.4 Gy for each individual field.
In 3D CRT planning, we used three to five beams passing through one side of the lung for peripheral lung cases. For centrally located lung cases, we used two opposed beams, one anterior and the other posterior.
For head and neck planning, equally divided beam angles worked well for some PLDR plans. However, for other cases, certain beam angles should be avoided that pass through the spinal cord or other critical organs because the PLDR technique is mainly used for recurrent cancers. It was found that hot spots may exist inside the PTV volume when the target was too close to the teeth. Subsequently, it was necessary to adjust the beam angle, which originally passed through the teeth, to a new direction. For peripheral targets, the ten gantry angles were approximately uniformly arranged in a partial arc.
For 3D conformal planning of the head and neck cases, two opposed lateral beams were applied to achieve a mean dose of 0.2 Gy at 3 min intervals by dividing the total monitor units (MU) accordingly.
III. RESuLTS
A. Lung
For the lung site, five cases were centrally located lung tumors, three cases were cancers in the left lung, and two cases were cancers in the right lung. The maximum PTV dose per gantry angle/field for the ten cases ranged from 0.22 Gy to 0.39 Gy, all of which met the PLDR criterion of D max < 0.4 Gy. The mean PTV dose per gantry angle/field ranged from 0.19 to 0.22 Gy. Figure 1 shows the minimum dose ( Fig. 1(a) ), maximum dose ( Fig. 1(b) ), and mean dose ( Fig. 1(c) ) for the PTV volume of each gantry angle/field for all ten cases. Our greatest concern about IMRT-based PLDR treatments is the maximum dose for each gantry angle. Seen from (Fig. 1(b) ), Patient 2 and Patient 3 are better than other plans, with the maximum dose for all gantry angles less than 0.3 Gy. The plan parameters for Patient 3 (yellow points) demonstrate that it is a good plan for PLDR, with the minimum dose higher than 0.16 Gy, the maximum dose less than 0.28 Gy, and the mean dose at 0.21 Gy for all the gantry angles. For the other plans, the PTV was covered by less than 0.1 Gy for some gantry angles. However, the minimum dose to the PTV for each gantry angle is only a soft constraint for PLDR planning, since there is no lower limit on the minimum effective dose rate. The minimum dose, maximum dose, and mean dose for each gantry angle of the ten cases is summarized in Fig. 1(d) . Figure 2 shows the dose distributions and DVHs of Patient 3. 
B. Head and neck
Ten head and neck cases were investigated for this study. The maximum PTV dose per gantry angle ranged from 0.21 to 0.39 Gy, all of which met the requirement of the maximum dose limit of less than 0.4 Gy. The mean PTV dose per gantry angle ranged from 0.14 to 0.25 Gy. The minimum (Fig. 3(a) ), maximum (Fig. 3(b) ), and mean (Fig. 3(c) ) PTV doses for each gantry angle are shown in Fig. 3 . Patient 4 showed better PTV dose coverage than the other plans, and the maximum dose for each gantry angle was less than 0.3 Gy. Figure 3(d) summarizes the minimum, maximum, and mean doses per gantry angle for all ten plans investigated. Figure 4 shows the dose distribution and DVH of Patient 1. 
IV. dIScuSSIOn
Previous publications on PLDR were mainly based on conventional radiation therapy (5) (6) (7) and dynamic arc therapy technology. (9) (10) (11) A daily dose of 2 Gy per fraction could be easily divided into ten 0.2 Gy subfractions in conventional radiotherapy, since the dose to the reference point of the target volume and the MUs used in a subfraction have a linear relationship with each other. However, for some complex recurrent cancers, there are many critical structures surrounding the target, in which case the conventional treatment techniques are not suited for PLDR. Further studies have been focused on developing dynamic arc therapy techniques for PLDR dose delivery using a dual-arc plan delivered five times. The advantage of using dynamic arc therapy for PLDR treatments is that it could reduce the dose to the critical structures. Recent publications demonstrated that rotational therapy plans could handle most clinical recurrent cancers for PLDR treatments of different cancer sites. (9) (10) (11) Although intensity-modulated dynamic arc therapy is more advantageous than IMRT in PLDR dose delivery, (16) some hospitals may not have an advanced tomotherapy unit, or a Varian RapidArc or a state-of-the-art Elekta VMAT accelerator. In this study, we proposed to use ten gantry-angle IMRT plans for PLDR treatments. The existing commercial treatment planning systems are not specifically designed for PLDR treatment planning. Dose distributions and isodose curves of a regular IMRT plan are more dependent on the relative direction of the incident beams to the nearby critical structures. In order to develop practical guidelines for treatment planning of PLDR treatments using regular IMRT techniques, we chose two specific cancer sites for this retrospective treatment planning and dosimetry comparison study.
The first site we selected for this study was lung cancer, which has a significant density difference between the target volume and normal lung tissues. Of the selected five centrally located lung cancers, ten beam angles were separated by an approximately 35° interval, which showed acceptable results for most centrally located lung cases. Since the target volume of a centrally located lung cancer was in the middle of the human body, a uniform beam arrangement could successfully produce a 0.2 Gy dose contribution to the PTV for each gantry angle with the maximum dose of each gantry angle (or each 3 min interval) being kept under 0.4 Gy. For peripheral lung cancers, the ten beam angles were selected close to the target side of the lung at intervals of 20° to 30°. The actual beam angles could be adjusted according to the situation. The maximum dose to the target volume before and after the adjustment of the three gantry angles is shown in Table 2 . The improvement was significant with this approach. Sometimes, however, it was insufficient to generate a high-quality plan with only the beam angle adjustment for PLDR treatment planning. In order to solve this problem, our experience was to draw reference structures inside and/or outside the PTV with specially assigned dose constraints during treatment optimization. An example is Patient 9: both angle adjustment and two reference rings were used to reduce the maximum dose to the PTV for field1, field3, field6 and field7. It can be seen from Table 3 that the maximum doses for these fields were reduced to less than 0.35 Gy; however, for field4, the maximum dose actually increased with the beam angle adjustment, and was successfully minimized to less than 0.35 Gy by applying the reference rings. Table 2 . Maximum dose to the PTV before and after the angle adjustment of the three gantry angles.
Field6
Field7 Field8 The second site for this study was head and neck cancer, which usually contains cavities and bones adjacent to the target volume. It was found useful to arrange the ten incident beam angles surrounding the target volume as a circle or a sector at an interval of 10° to 30°. This beam angle arrangement has been shown to be suitable for most cases, although sometimes reference structures may be needed to reduce the hot spots inside the PTV caused by nearby bones or teeth. Figure 5 shows how the reference ring structures were used to minimize hot spots appearing inside the target volume due to the effects of nearby teeth and bones. The maximum dose was constrained by the rings in order to prevent any possible hot spots inside nearby teeth and bones from extending into the target volume. Since the PLDR treatment is developed mainly for recurrent cancers, the spinal cord and brainstem for patients with recurrence cannot receive a dose as high as that for the initial IMRT treatment. If uniform beam angles were used for planning, the spinal cord and brainstem might receive high doses because every incident beam would pass through the spinal cord or brainstem. Therefore, nonuniform beam angles were selected in order to avoid the beams passing through the spinal cord and brainstem, if possible.
Hyperradiosensitivity has been shown at small doses below some transitional doses around 0.5 Gy or at very low dose rates. (3) In this research, the ideal maximum dose of an individual field (or a 3 min interval) was less than 0.35 Gy at the hot spot of the target volume. However, it was not possible to ensure that this ideal dose limit could be met for every gantry angle/field and for every PLDR patient. For the patient cases investigated, five head and neck patients showed maximum doses more than 0.35 Gy for a gantry angle. To maximize the hyperradiosensitivity effect, we can set this gantry angle as the last one to deliver to minimize its potential to trigger cell repair. There was a lung patient treatment plan that had three gantry angles delivering more than 0.35 Gy but less than 0.4Gy, which is the maximum dose allowable for PLDR treatments based on our clinical acceptance criteria. In that case, we could arrange these three gantry angles Table 3 . Maximum doses to the PTV before and after beam angle adjustments and reference structures that were used for five angles.
Field1
Field3 to be the last three to be irradiated or switch to intensity-modulated dynamic arc therapy for PLDR treatments. Figure 6 shows an example of a gantry angle that delivers a maximum dose to the PTV more than 0.35 Gy for Patient 10. There are hot spots in the proximal portion and cold spots in the distal portion of the target volume relative to the incident beam direction. In addition, the dosimetry differences between conventional treatments and IMRT have been investigated for PLDR patients. Figure 7 shows the isodose distribution and DVHs of a lung cancer patient. Figures 7(a) and (b) are isodose curves of a 3D CRT plan and an IMRT plan, respectively. Figures 7(c) and (d) are DVHs of the two plans, respectively. Figure 7 (e) compares the DVHs of the two plans. For the 3D CRT plan of this lung patient, we set the beams to avoid any of them passing through the spinal cord, but the maximum dose to the cord was still nearly 60 Gy since the target and the cord were very close to each other. The maximum dose to the spinal cord for the IMRT plan was less than 40 Gy, which was much lower than the 3D CRT plan. Figure 8 further compares the isodose distribution and DVHs between 3D CRT and IMRT for a head and neck patient. The maximum doses to the spinal cord and brainstem for the 3D CRT plan were much higher than those for the IMRT plan. These two examples demonstrated that, for special target shapes and complex relationships between the target and critical structures, intensity-modulated dynamic arc therapy and IMRT may be the only choices for PLDR of recurrent patients. 
V. cOncLuSIOnS
Manually optimized ten gantry-angle IMRT plans generated using commercial treatment planning systems are adequate for PLDR treatments of lung and head and neck recurrent cancers. Compared with 3D CRT treatment plans, IMRT plans provide better sparing of critical structures for cases with complex relationships between the target and critical structures, which is essential for recurrent cancer treatment. In addition to dual-arc, intensity-modulated arc radiotherapy, IMRT can be a valid option for the PLDR treatment of complex lung and head and neck recurrent cancers. 
